Abstract
Introduction
both sources of Ca initiate contraction [2] [3] [4] . Relaxation takes place as a result of two main systems decreasing the 21 21 In heart muscle current evidence suggests that the cytoplasmic Ca concentration. The SERCA pumps Ca process of contraction is mainly initiated by the action back into the SR ready for release at the next beat and the mitochondria) are involved in the maintenance of a low exchanger have been produced and characterised as de-21 cytoplasmic Ca concentration, the proteins that perform scribed previously [13] [14] [15] . A transgene construct consistthe major roles on a beat-to-beat basis are SERCA and the ing of the open reading frame of the canine cardiac
Na / Ca exchanger [2] . Na / Ca exchanger [16] under the control of the a-
21
In heart failure intracellular Ca regulation has been myosin heavy chain (a-MHC) promoter was used. The shown to be altered (e.g. [5, 6] the expression of the proteins involved in Ca regulation C57Bl / 63C3HF1 mice. Southern blot analysis on genand in the mRNA encoding their production [6, 7] . In omic DNA extracted from tail clippings was used to failing human hearts it has been shown that there is a demonstrate the presence of the construct (TR mice). reduction in the expression of SERCA sometimes accomLittermates which did not show the transgene construct 1 21 panied by an overexpression of the Na / Ca exchanger were used as controls (NON mice). Quantification of the relative contributions of the Ca in enzyme solution (for composition see Solutions) at room regulation mechanisms to relaxation in different species temperature and used within 7-8 h of isolation. has been rigorously examined [2] in normal physiological circumstances but is poorly understood in the 2.3. Cell shortening and calcium measurements pathophysiological setting of heart failure. Although some groups have recently tried to examine the contributions of Cell shortening was measured using a video-based the two main mechanisms in failing animal and human motion detector described by Steadman et al. [17] . Cell hearts (e.g. [10-12]), the pathophysiological condition shortening is expressed as an absolute value.
itself confounds the interpretation and so the relationship A Ca -sensitive, single excitation, dual emission between changes in protein expression and their functional fluorescent dye, indo-1, was used as described previously consequences remain poorly understood.
[18]. The cells were loaded with indo-1 by incubation with
The supposition that overexpression of the Na / Ca the acetoxymethyl ester form (10 mM) of the indicator exchanger should compensate for less effective SERCA (indo-1 AM, Molecular Probes, Eugene, OR, USA) for 15 function remains untested and there has been no quantificamin at room temperature. Supernatant was then discarded tion of the degree of compensation that could be achieved and substituted with Dulbecco's Modified Eagle's Medium with a two-to three-fold overexpression of the exchanger (Gibco BRL, Life technologies, Paisley, UK). The cells -roughly the increase in protein levels measured in were used after at least 30 min (to allow de-esterification human heart failure [8] . Accordingly, the aims of this work of the intracellular indicator). Calibration of indo-1 fluoreswere (1) to quantify the amount of reduction in SERCA cence was performed. R , R and b (ratio of free to min max activity that could be compensated by the overexpression bound indo-1 fluorescence at 485 nm) were obtained in sing the Na / Ca exchanger and by gradually and varying [Ca ] . The cells were also incubated with 3 mM partially inhibiting SERCA with thapsigargin, this study carbonyl cyanide m-chlorophenylhydrazone (CCCP, shows for the first time that functional compensation for Sigma, Poole, UK). This, together with the substitution of reduced SERCA activity is possible and quantifies the glucose with 10 mM 2-deoxy-D-glucose (Sigma), was used degree of compensation that can be achieved for a two-to to obtain metabolic inhibition to avoid hypercontracture the Michaelis-Menten constant and H is the Hill coefficient.
Acquisition systems and statistical analysis
The data were recorded on computer using PCLAMP 6.0.3 (rate of sampling: 0.5-3 kHz). Time-to-peak (TTP) was measured between the point before the initial increase of the trace and the peak of the signal. Time-to-50% relaxa- these mechanisms play a minimal role in Ca removal from mouse ventricular myocytes and, for the purpose of this study, can be ignored. At the end of the protocol described above, stimulation was restored and the superfusing solution was changed to one with similar composition but containing 200 nM thapsigargin. The protocol described in Fig. 2 In order to quantify SERCA and Na / Ca exchange Na / Ca 21 expression of the Na / Ca exchanger in these myocytes allows a 28% reduction in SERCA activity.
In order to quantify the overexpression of the Na / Ca exchanger in functional terms, V of J in TR max NaCa myocytes was measured as described above and found to be 240615% (n513) of the value measured in NON myocytes. That is, an approximately 2.4-fold increase of
Ca extrusion via the Na / Ca exchanger at maximal 21 Ca was found in TR myocytes supporting previous molecular biological and functional observations [13, 15] . The lower panel in Fig. 4 summarises the results of the 21 determinations of V for both fluxes when the Ca max transients had the same duration in the two groups of myocytes (Fig. 1B) . The results suggest that a 2.4-fold 8.08).
The amount of releasable Ca from the SR (SR Ca buffering effect of the indicator and cell shortening was monitored instead. Cells were voltage-clamped at 275 mV and stimulated at 1 Hz using voltage-clamp steps to 0 mV (step duration: 300 ms). Stimulation was stopped, membrane potential was continued to be held at 275 mV and 10 mM caffeine rapidly applied as described before Na / Ca exchanger is inhibited. In order to investigate 21 the importance of differences in the SR Ca content in 4. Discussion the compensatory effect described above, experiments 21 1 21
were performed to measure SR Ca content in control Na / Ca exchanger activity during the cardiac cycle conditions and during application of 200 nM thapsigargin. has been investigated in several studies in different species In these experiments, no indo-1 was used to avoid the (for review see [2] ). In rabbit and guinea-pig myocardium becomes similar between the two groups (in TR with thapsigargin), the SR Ca content in TR myocytes significantly reduces to a value similar to NON myocyte values.
21
Ca extrusion has been shown to be the predominant relaxation may be present to different degrees in other mode of action of this mechanism whereas in rat and species [30] in physiological and pathophysiological con-
mouse myocardium the role of the Na / Ca exchanger ditions but this still needs to be tested. If, in addition, during the cardiac cycle is still unclear. We reported in a SERCA activity is inhibited it is very difficult to predict has been proposed to exist in the rat myocardium [29] . 
